Disturbance observer based robot control algorithms provide good control performance while giving a straightforward method of gain selection. Unfortunately, the stability of these algorithms has not been shown rigorously for nonlinear systems such as robots. This paper demonstrates that a disturbance observer based algorithm can be made equivalent to the well-known passivity-based approaches of Sadegh and Horowitz, and Slotine and Li. This is accomplished by choosing a speci c design of the Q(s) lter (described in the paper) of the disturbance observer. By doing so, the stability of the disturbance observer based approach can be proven rigorously. An additional bene t of the equivalence of the two approaches is the ability to combine an adaptive controller to the disturbance observer based approach.
1 Introduction Horowitz (1987 and 1990) and Slotine and Li (1987) concurrently, but separately, developed computed torque type algorithms that made use of the passivity of the robot dynamics to obtain globally, asymptotically stable tracking control laws for robotic manipulators. At the time, these algorithms were a substantial contribution to the theory of robot control and are still popular today.
Recently, several researchers Hori et al., 1992; Komada et al., 1991; Komada et al., 1992; Nakano et al., 1987; Ohnishi and Murakami, 1989; Shimura et al., 1991) have been applying the disturbance observer theory to design tracking control algorithms for robot manipulators. Instead of designing a nonlinear control law to compensate the nonlinearities in the robot equations of motion, the nonlinearities are treated as disturbances to a linear plant. A disturbance observer is closed around each joint to estimate and cancel these terms. Each joint is then treated as a linear plant for which a linear controller can be designed. The attractiveness of the disturbance observer based algorithms lie in their simplicity, their robustness and their transparent relationship between performance criteria and gain selection; thus allowing gains to be easily chosen. Unfortunately, the stability properties of these algorithms for robotic manipulators have not yet been shown rigorously. This paper will demonstrate that a disturbance observer based algorithm can be made equivalent to the well-known passivity-based approaches of Horowitz (1987 and 1990) and Slotine and Li (1987) . This equivalence occurs when certain design choices are made. In other words, the design of the disturbance observer must be restricted to obtain this equivalence.
But, this merely means that besides the design of the disturbance observer that results in a controller equivalent to the passivity-based algorithm, there are still other design options. In other words, the passivity-based approach is a subset of the disturbance observer approach.
The stability properties of the passivity-based approaches are well-known.
By reducing the disturbance observer based approach to result in error dynamics equivalent to the passivity-based algorithms, some stability properties of the disturbance observer approach can be shown. An additional bene t of the equivalence of the two approaches is the ability to combine an adaptive controller to the disturbance observer based approach. This addition yields a controller that is both easy to tune and robustly stable to parameter variations.
Preliminaries

Robotic Manipulators
The dynamic equations of motion for an n-link rigid manipulator with revolute joints can be expressed in the following form:
where q is the n 1 vector of joint coordinates; M(q) is the n n inertial matrix; C(q; _ q) _ q is the n 1 vector of torques due to centripetal and Coriolis e ects; d(q; _ q; x) is an n 1 vector of external (where the x indicates this term may be a function of a variable external to the system) disturbance torques (friction, etc); g(q) is an n 1 vector of gravitational torques and u is the n 1 vector of joint input torques.
Manipulator Properties
The dynamic equations of motion (1) possess several well known properties.
These properties have been shown by other researchers (Ortega, 1989) 
Lemmas
Lemma 1. (Desoer and Vidyasagar, 1975 See (Ortega and Spong, 1989) for such a de nition. 2 The de nition of a passive mapping is given in the next section.
Lemma 2. (Slotine and Li, 1991) Lemma 3. (Desoer and Vidyasagar, 1975 3 Passivity-Based Control
Before discussing the passivity-based algorithms , the concept of passivity will be de ned.
De nition 1. (Desoer and Vidyasagar, 1975) A mapping, u 2 < m ! y 2 < m is a passive mapping if there exists some constant, , such that
One form of the passivity-based control laws is as follows: Theorem 1 is a special case of Theorem 3 in (Ortega and Spong, 1989) with some obvious notation changes, so the proof will not be repeated here. Proof: Following the lines of Sadegh and Horowitz (1990) 
Proof: The proof of this theorem is very similar to the proof of Corollary 1 in (Sadegh and Horowitz, 1990) . Consider the Lyapunov function: 
? 1 
Disturbance Observer Based Acceleration Tracking Controller
This section examines a disturbance observer based algorithm termed an acceleration tracking controller (ATC) proposed by Komada et al. (1991) . This is the algorithm that will be shown to be equivalent to the passivitybased algorithm of the previous section.
Disturbance Observer Design
The disturbance observer loop shown in Figure 1 is used to enforce a robust linear input/output behavior of the plant by canceling disturbances and plant/model mismatch. This can be seen by looking at the transfer functions from the inputs of the disturbance observer loop (d, r, and ) to the output of the plant, y.
where G dy = PP n (1 ? Q) Q(P ? P n ) + P n G ry = PP n Q(P ? P n ) + P n G y = PQ Q(P ? P n ) + P n Suppose Q(s) is a low pass lter with a steady state gain of unity such as shown in (36) Q ( 
where l is the relative degree of Q(s) necessary to make Q(s) Pn(s) realizable and the a 0 k s are typically chosen to be either a Butterworth or binomial model lowpass lter Umeno and Hori, 1990; Umeno and Hori, 1991) . Komada et al., 1991; Umeno and Hori, 1990; Umeno and Hori, 1991) .
The next section describes how this disturbance observer structure can be used to realize a robust tracking controller for a robot manipulator. Figure 2 shows the block diagram for the Acceleration Tracking Controller (ATC) where q r is a reference acceleration and Q(s) = diag(Q 1 (s) Q n (s)).
Acceleration Tracking Controller
The dotted boxed labeled \Robot" represents the dynamics in (1) where J n = diag(J n 1 J nn ) and J n i is determined as the diagonal, constant portion of the inertia matrix, M(q), corresponding to the i th joint. u d includes all of the dynamics not represented by the linear inertia term, J n . The MBDE (Model Based Disturbance Estimator) block has been added to the controller proposed by Komada et al. (1991) . Although this block diagram represents a MIMO system, all the matrices are diagonal; therefore, the block diagram for each joint (a SISO system) is of an analogous form. The i th joint is treated as a simple inertia, J n i and a disturbance observer is closed around each joint.
All other nonlinear and time varying terms in the equations of motion (1) are treated as disturbances, u d to be canceled. The block MBDE attempts to cancel the disturbance based on a model of the manipulator dynamics (1) as shown below:û d =^ M(q) q r +Ĉ(q; _ q) _ q r +ĝ(q)
whereM(q) = J n +^ M(q). The reference acceleration and velocity ( q r and _ q r ) are used to maintain the passivity of the error dynamics as discussed previously. They are obtained from (8). The disturbance observer loop attempts to cancel any disturbance that is not already canceled by the MBDE block so that q = q r .
The advantages of ATC (without the MBDE block) method include:
(1) The controller is a xed gain linear controller which reduces the computations necessary for control compared to computed torque and modi-cations of computed torque such as the passivity-based methods.
(2) The controller is easy to tune. Typically there is only one design parameter, the cut-o frequency, ! c , of the low-pass lter, Q(s).
Adding the MBDE block appears to negate these advantages somewhat, but
provides a clean way to analyze the stability of the system and some stability results can still be achieved without including the MBDE. The following section presents the stability analysis for the ATC both with and without the MBDE block.
Equivalence
The ATC can be cast into a form that is equivalent to the passivity-based control methods. ) and Q(s) = diag(Q 1 (s); ; Q n (s)).
The control input u in Figure 3 can be calculated as:
Equation (38) (27)) is a passive mapping.
The parallel combination of two passive mappings is still a passive mapping (Slotine and Li, 1991) Remark: These stability results apply only if the Q(s) lter is designed using the model in (36). This model has been used by several researchers Tomizuka, 1995, Endo et al., 1993; Komada et al., 1991; Komada et al., 1992; Lee and Tomizuka, 1994; Nakao et al. 1987; Ohnishi et al., 1987; Ohnishi et al., 1989; Shimura et al., 1991; Umeno and Hori, 1989; Umeno and Hori 1990; Umeno and Hori 1991) , but this is not to say that this is the only way to design the Q(s) lter. For example, Tesfaye (1994) used an optimization approach to design the Q(s) lter which will not necessarily result in a lter in the form of (36) 6 Simulations
The main emphasis of this paper was in showing that the disturbance observer based approach can be made equivalent to the passivity-based approach. Considering this, it is possible to add adaptation to the ATC as in Theorem 5(b). Just to demonstate both the ATC and the Adaptive ATC (AATC), both algorithms were simulated. The controllers were simulated (rather than used experimentally) because it is desired to show that the adaptive algorithm will converge to the true parameter values. This will not happen in experiments because of unavoidable external disturbances such as friction. The algorithm was simulated on a two-link direct-drive robot. The model for this robot was determined by other Kang et al. (1998) 
Conclusions
Although the robot control algorithms determined using the disturbance observer based approach and the passivity-based approach have been researched as two separate types of robot control algorithms, this work has shown that the passivity-based approach is in fact a subset of the disturbance observer based approach. This was determined by showing that for certain design choices the disturbance observer based approach to robot control yielded equivalent error dynamics as that of the passivity-based approaches. This led to two obvious implications for the stability analysis of the disturbance observer based approach. In addition, an adaptive term was added to the disturbance observer based approach to improve its performance and to guarantee robust stability to parameter variations.
It is important to note that the acceleration tracking controller is not a new controller. It is the passivity-based controller with possible integral terms added. The goal of this paper was not only proving some stability properties for the ATC, but also providing a new way of looking at an old controller. Looking at the passivity-based controller in terms of the disturbance observer theory gives new insight into what the controller is attempting
